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\,ASTRACT

"W"rk haý been * nn; n th- Uvelopment of a system of ventilation
-of submarine storage batterie ' cooling through the cell lugs,

* for the purpose of replacing. If possible, the present ventilation system
wrl~ heg my •Iz~a~v ". Measurements of cell temperatures under a
Variety of conditions using the system developed and the present closed-
cell system h -- ýneiadeof-r -44 .... z.n,-.a. ' i it L n = A-
found that under ordinary conditions of ambient temperature the propose$
system shd5uld be either equal to or better than the present system in
cooling efficiency.

CAA
The proposed system hai-bee 4ewn--" cut .the water-lose from the

cells to small fraction of the amount lost under the closed-cell system.

ri-1
Tho proopoce. -fm•hz Lnables the cell to be completely sealed, except

for a small vent hole, thus preventing acid spray and electrolyte spillage.

An '|open-type" systen of ventilation employing induced air flow through

the cell. top ha-b feasible but less practical than the proposed
system.

Cooling through the sides of the cell has-b"a studied 0 a 9-41A
, v that cooling by this means would be a good supplement

to any sy'stem usedr. ab1rt 4 .e ba... tLp. of *Qir'.

"Suggestifons are-made for fPvqrd increasing the cooling efficienoy
of the proposed system , b gut. .

-. .
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I. INTRODUOTION

A. Authorization

A 1. This investigation was authorized by BuShips ltr SS/S62-4(330),
dated January 1943.

B. Statement of Proble

2. In accordance with BuShips ltr SS/S62-4(330), this problem was
undertaken to investigate the suitability of the open-type system of battery
ventilation for use aboard submarines. "Open-type" system has not been
strictly defined, but by common usage might mean any system which ventilates
the individual cells directly into the space above the battery in the
battery compartmente, Such a definition would distinguish it from the
present closed-type system which ventilates the cells by means of an air
manifold into some other part of the ship,

3. Investigation of any system of ventilation of submarine batteries
breaks down into the following factors:

(a) Cell temperature.
* (b) Water-loss from the cells.

(c) ExplosiOn hazards due to the battery gases.
(d) Acid spray or mist and electrolyte spillage.
(e) Cell design and battery operation methods,.

Any system which might be developed would have to compare favorably with
the present closed-type system, considering the above factors, in order to
enable or justify a change from one type to another.

C, Known 7acts Bearing on the Problem

4, Submarines are frequently required to operate in tropical waters
where the high ambient temperatures cause the batteries to run at high
temperatures with attendant high water-loss from the Cell6, decreased life
of the cells, discomfort to the personnelt or.extra load on the air con-
ditioning system as~a result of water-loss from the cells. Of these, the
chief reason for cooling the batteries is that the high temperatures have
a definite effect in materially shortening the life of the cell. In addition,
the water-loss decreases the efficiency of the ship by making necessary

• the operation of distillation apparatus, and the use of man-hours in water-
ing the cells. It has been reported that it may take two men as much as
one and one-half hours every 6ther day to water the cell). The difficulty
in keeping the air-flow uniform over a battery of many cells may result
in acid being sucked into the duct system resulting in electrical grounds
and self-discharge of the cells, and.general trouble in the upkeep of the
system. All these effects are present to a lesser degree in northern
latitudes where sea-ater temperatures are-lower. A system of battery
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ventilation which'would eliminate or decrease these drawbacks, would
contribute in an appreciable degree to the comfort and efficiency of
the ship.

a.

D, Prior Work on the Problem

5. No very great amount of work has been done previously on the
development of a system of ventilation which would either enable the
elimination of the present closed-cell system or show that it is most
suitable for submarine use.

6. In 1941 the battery ventilation system of the British submarine
H.M.S. Truant was-studied (reference (a)), to determine hydrogen concen-
tration in a battery tank using open-cell ventilaticn• The results
indicated that that type ventilation could be safely used and that water-
loss in such a battery would be smaller than in one using the closed-typ'e
system of ventilation, but no unqualified conclusion was warranted from
the study.

7, In 1943. the battery ventilation system of the French submarines SS
Amazone and .SS Archimede were studied (reference (c)), for the same general
purpose as waS the British submarine previously and the same general con-
clusions were arrived at. In addition it was reported that the open-cell
system be applied to the "step" type batteries in which the longitudinal
rows of cells are on different levels with the centerline rows on the low-
est level as well as to batteries with cells on the same level as on the
British ship. Also on the French ships sufficient space is left between

* the adjacent cells to allow ample circulation of air over the whole surface
of the cell. This is in contrast to British and American practice and may
be partially responsible for the lower operating temperatures of the French
submarine batteries.

8o A comparison of the closed-cell system with an open-cell system was
made aboard the submarine 0-6 in 1942 (re2erence (b)). The forward battery
was left intact while the ducting was removed from the after battery which
was then ventilated by blowing air over the tops of the cells. It was
found that the battery under open-cell ventilation operated hotter than
the battery under closed-cell ventilation, while the water-loss was less
in the former. The hydrogen concentration was maintained below e in the
after battery c6mpartment, but the average concentration in the individual
cells ran about 13%, which is well above the lower explosive limit of
hydrogen in air or oxygen. The report stated that although the concentrp-
tion in the individual cells was 13%, the possibility of an explosion
originating in a cell was so remote as to be negligible.

9. Open-cell ventilation was studied for the purpose of minimizling
explosion hazards (reference (e)). In this work a cell was set up with
the duct -system removed aRd a stream of air passed over the cell at various
velocities, with cell •assig at the finietnhg tate and ventilating through
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the central hole into the air stream above the cell. The concentration
of hydrogen in the cell was measured and it was concluded that if the
central hole were large enough the concentration could be kept below
the explosive limit, and it was recommended that further studies be
made of induced ventilation in- the cell top.

10. References (b) and (e) sum up the advantages and disadvantages of
both types of ventilation as follows:

1. "Closed-Cell Ventilation

Advantages.

(a) When the sytem is functioning correctly there is no
possibility of an exlosi.'e mixture being prevent anywhere in the system.

Disadvantages.

(a) Complexity necessary to secure a uniform flow through
all the cells in a battery,

(b) Corrosion of blower fans.
(c) High water-loss.
(d) Maintenance.
(e) Cost.
(f) Use of a strategic material-rubber.
(g) Loss in man-hours in manufacture and installation of

ducts.
(h) An estimated 25% of the tonnage of the air-condition-

ing equipment is used in dehumidification.
M(i) The possibility of derangement Of the duet system by

depth charges.
(j) The possibility of eloctrostatio charges in the duct

system being a source of explosions.

2. OpenCell Ventilation

"Advantages.

(a) Simplitity of design, installatipn, and maintenance.
(b) Safety bebause of absence of ducts.
(c) Reduction in water-loss,
(d) IncreaSed Oooling by sweeping &ir around the cell.
(e) Lowdr cost by eliminating the duet system,

Disadvantages.

(a) The po•tibi~ity of an eOlogive fi zltu being pteuent
-in the individual celles



(b) Acid spray and e4ectrelyte spillage.

11. A series of other reports (reference (f) through (i) have been
Sprepared, which, while they are , directly concerned with open-cell

ventilation, do bear on the problem because they present studies of
the sources of heating in the cells, some cooling effects, and water-
loss undee various conditions* Some of' the conclusions which have
been arrived at in these reports and which apply to this work are as
follows:

Natural Heating Wfects in the Cell are:

(a) Heating due to the chemical reaction which takes place
on charge.

(b) O2R drop through the cell.
(c) Heat of formation of molecular hyd+cogen and oqgen,

A Natural Cooling Effect is:

(a) Reversal of the reaction:

H2 + j 02 . H23 4 68.4 kilogram tf calories of heat.

Ventilating air is unimportant in cooling either by evaporation of
water or conductance,

There is little temperature variation throughout the cell during
the charge. The maximum differential is 80F. Gassing equalizes temper-
ature throughout the cello

Cooling due to radiation is negligible.

Water-loss is by far the most important factor in cooling the cell
by closed-cell ventilation.

Water-losses increase with higher air temperatures and with decreased
humidity. Under some conditions the cell can actually pick up water from
the air.

Low temperatures minimize gassing.

12. The foregoing sums up the work which has been done or bears on the
problem of this reportq

Z. Theoretical 'and Practical Co2ýsiderationsa
13. These aspects of the problem will be considered in the order In

which they were presented in the statement of the problemo

i. Cell Temperature.

4~ 4
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14. The theory of heating and cooling effects which take place
naturally in the cell due to the chemical reactions concerned havre/
been quite thoroughly covered in references (f), (h), and (i). This
report is primarily concerned with artificial method of cooling the
cell. The general possibilities are these:

Internal*

(a) Evaporation of water from the electrolyte.
(b) Cooling by heat exchange to the ventilating air.
(c) Some sort of liquid internal cooling system . '

External.

(a) By heat exchange to the air passing over the bottom,,
top, and sides of the cell.

(b) By heat exchange to the air passing over the busses
connecting the cells.

(c) Radiation from all these surfaces.
(d) Some sort of external liquid cooling system.

15. Of these possibilities, internal or external liquid cooling systems
appear to be ruled out because of practical difficulties involved and
because it would mean replacing a complicated air flow system with a
complicated plumbing system. By means of the theoretical equations of
heat transmission and the physical constants concerned, the possibilities
at least roughly, for purpose of comparison.

16. SuppOse, for purposes of calculation, a cell (a Gould OWTX-49 with
1250 specific gravity electrolyte) is assumed to be at a temperature o•f
1250?. with the surroundings at 90O0. What are possible magnitudes of the
cooling effects? Appendix I contains the calculations made with their
assumptions and limitations. Summing up the results of these calculations,
it is found that the quantities of heat lost are 566, 478, 175, 32, and
less than 22 kilogram calories per hour by cooling through the sides, the
lugs, by evaporation of the electrolyte, heat exchange to the ventilating
air, and by radiation from the cell, respectivelyo The heat loss through
the sides and lugs represents the maximum possible for the temperature
conditions assumed because they were made on the basis of 100% efficiency
of either system. Heat loss by evaporation and interchange to the
ventilating air could possibly be greater, but not in any case by more
than a factor of four if 100% efficiency is assumed. Since the calcula-
tions are admittedly limited by many assumptions and were made for only
one set of temperature conditions, they cannot be quantitatively comparablew
However, they do show definitely that cooling by radiation must be a
negligible effect and is not worth investigation.. They indicate that in
theýresent system of closed-cell ventilation, coking by heat exchange
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to the air passing through the cell is probably a small effect compared
to heat loss by evaporation.. Finally, they indicate that cooling
through the lugs and the sides by circulating air over the cell top
and around the sides are methods worth investigating and might prove
to be better means of cooling the cell than the means utilized by the
present system, ire., evaporation of water and heat exchange to the
ventilating air.

2. Water Loss.

17,. One of the biggest drawbacks~to the present system of closed-cell
ventilation is the high rate of water-loss from the cells. If the
calculations made previously are really indicative of the possibilities
for cooling, then it may be possible to cut down the water-loss considerably
by taking advantage of other meanscf cooling. The factors which might
affect the water-loss under the present system are electrolyte temperature
and specific gravity, rate of air flow through the cell, temperature and
humidity of the input air, whether or not the cell is gassing, and the
design of the ventilation system in the individual cell. By varying and
controlling these factors water-loss could be decreased to some extent;
however, any decrease in water-loss under the present system of ventilation
must result in decreased efficiency of cooling, if evaporation id the
primary factor in cooling as is indicated by the previous calculations.

* 18, The ultimate saving in water-loss would be approached by the
condition where the cefl top is sealed except for a small vent hole
for gas escape. By this means it would seem possible to cut the water-
loss almost to that minimum necessary because of electrolysis during the
gassing phase,

3. Explosiori Hazards.

19. Hydrogen and oxygen combine with explosive violence to form water,
Inflammation of the mixture has been found to take plice (reference (W)
:pps, 12 and 20) at cooncentrations from 4 to 815 of hydrogen in air and 4%
in oxygen, and up to 74% hydrogen in air and 964 hydrogen in oxygen.
Above about 8% the burning takes place with explosive violence. Since
the cells give off hydrogen and oxygen during the gassing phase of the
charge, and hydrogen on stand, the possibility of explosion nust be
considered in any system of Ventilation which may be used. The present

system of ventilationseleiminates the possibility of e-rplosion by venti-
lating So thoroughly that an explosive mixture could never be present
if the system is functioning co.rrectly4

2Q Reference (e) considers these possibilities in eliminating the
explosion hazard: (a) preventing the generation of the gases, (b)
destroying the gases genere'ted by recombination in the cell, (c) diluting
the gases until no explosive concentration could be present. The
reference states that there is no known method for (a). This is trueIas long as it is necessary to include the gassing phase in the charge and
as long as the lead-acid battery self discharges. The reference also
states that investigations alon- the line of (b) shoved no feasible method
of obtaining thq dq treA regult. (c) il of coir s tbe method Aitieod by the

(a)wu.Pu~y 1-6fd' *UMehdi



present ventilation system.

321. Bowever, in addition to these there is another possibility.
Theoretical studies (reference (1)) have shown that the explosive
reaction can be inhibited by many kinds of surfaces, among them
being glass. The reaction may be slowed down to such an extent,
under some conditions, that it no longer occurs with explosive
violence, Pollowing this line of attack it has recently been demon-

* strated (reference (m)) that by packing a gas container to a density
of two to three pounds per cubic foot with a type of glass wool, the
reaction between hydrogen and air may be prevented completely, and
that smaller pack densities inhibit the reaction to a great extent.
This puts a new light on the ventilation problem for submarine cells,
for if investigations coUld show that the reaction between hydrogen
and oxygen could be stopped entirely or inhibited to an extent where
it is no longer dangerbuia then the necessity for vehtilatien for
the purpose of preventing explosions could be done away with. The
cells might be sealed Up entirely except for a small 'ble for gas
escape - much like the automobile battbry is sealed - with the 0o6n-
sequent saving in water as discussed previously.

4. Acid Spray and'Slectrolyte Spillage.

2*. During the gassing phase of the charge, and to a much less extent C
at other times, breaking bubbles at, the electrolyte surface throw acid
spray into the air streams, In the present system this may be carried

S* through the ducts and result in corr-sion difficultiep. -In an open-cell
system such as in use on British submarines this could b1 a great source
of annoyance to personnel and could cause corrosion of surfaces with
which the ventilating air comes in contact. Thus any system must con-
sider the possibility of. eliminating this spray# The present system
Appparently takes care of this to a large extent by baffles and traps,
and what does get through is deposited in the engine room where it is .
burned up in the motors.

23. Electrolyte spillage would not be expected to be a source of
difficulty in the present system because the. cells are completely closed,
however, in any open system spillage due to pitch and roll and resultant
splashing might amount to quite a problem.

:24, If the explosion investigattons should show the presence. of glass
wool in the cell top, to be desifable, th~e glass wool might an as a
very efficient spray .trap or baffle and as a damper for electrolyte
splashing4 If the cell coald be sealed up completely except for a
small vent hole it would allow the Incorporation of a non-spill feature
in the cell top such as is used in many smaller batteries today,

5e Cell Design and Operating Methods,.

25. The presen't cell design Vo'tld #9pear to be to from eftfoient

from the cooling etuA4~enla It ts A 1004: rote64** 0.11 Vith.



practically all of the cooling under service conditions taking place
at the top o-" the cell. At all times, except during the short gassing
phase of the charge when there is considerable stirring, cooling
depends on diffasion and convection of the electrolyte and heat con-
ductance by the electrolyte and the grids for bringing the heat to the
top of the cell, Diffusion and natural Convection are poor methods
of heat transfer at best, and lead is a poor conductor of. heat as
metals go, so if it is important enough to keep the cell cool., changes
in design are worth consideration.

26. The calculations made previously indicate that considerable
heat may be transferred out of the cell through the sides and up
through the shoulders and the lugs, It might be desirable to con-
sider changes in design of the cell case and the lug-shoulder system
to develop these means of heat transfer to their meet efficient extent,

27. During the ordinary cycle the cell would be on charge approximately
eight hours, with forty-five to sixty minutes of this time occupied by
the gassing phase. The discharge may take any length of time depending
on the needs of the submarine at the time. The discharge reaction
utilizes heat from the cell resulting in a cooling effect. At discharge
rates above 1000 to 1200 amperes (for the Gould .OWTX-49) the I'ýR losses
overbalance this cooling effect and heating occurs. Apparently nothing
can be done about the discharge, but ordinarily the greatest amount of
heating will take place during the charge part of the cycle. Thus the
investigation of the best charging procedure in the interests of cooling
efficiency as well as electrical efficiency might be desirable.

II. PJMETAL WORK

A. Narrative

28. Experimental work has been done in the development of a system
of vent ilation which would take advantage of cooling through the lugs.
Temperature measurements have been made on the experimental cell during
the finishing rate, cycling, discharge and on stand using the method of
cooling developed and the present closed-cell s$stem for purposes of
comparison. Temperature .rise of the air passing through the cell, water-'
loss, and the effect of humidity on cooling and water-iooss have been
studied for the closed-cell system.

29'. The cooling effect of air passing over the sides of the cell has
been studied#,

30. The lower limits of explosion of hydrogen in air and oxygen and
various combinations of air and oxygen and the effect of glass wool on
these limits h~ve been measured. The explosion pressures of hydrogen
in oxygen and the effect of glass wool on these pressures have been

U - - - (



measured, Many explosions have been run in a cell under various conditions
of ventilation with glass wool packed in 'the spacepabove the tops of the
plates. In conjunction with this work the possibilities of induced flow
through the cell top 1'ave been studied.

31, Tbe effect of glass wool "in cutting down acid spray has been

noted during thu coarse of the work.

B. The Study adv •.ioentof Cooling Throu- the Lugs.

l, The Setup .

326 For this part of the work the cell (Gould OWTX-49) was set up
in a room which enabled temperature control of the air& The cell was
insulated by packing glass wool around the sides to a depth of four inches
and enclosing the whole in a plywood box. The lead coating was removed
from the lugs and one set of lugs was connected to a rectifier for charging
the cell. Copper bus-bars were bolted to the remaining six lugs. These
bus-bars extended from the lugs to one-half inch beyond the side of the cell,
and except those to which the rectifier was attached would approximately re-
present one dell's share of the usual cell-to-cell connection in a battery.
Cooling was achieved by setting up fans on one side of the cell which could
blow air over the top of the cell along the length of the bus-bars. The

S4 temperature of the cell was followed by means of a three-junction chromel-
constantan thermocouple, the JunCtions of which were enclosed in glass tubes
inserted through the top of the cell so that the bottoms of the tubes were
located in the electrolyte between the tops of the plates, Leads from thiso •
thermocouple and another rmltijumction thermocouple used to measure the.air
temperature of the room were run through the wall to a recorder in an
adjacent room.

33. Three sets of bus-bars were experimented with, one plain and two
finned. The finned bus-bars were constricted by silver-soldering flat
copper fins to one side of each bars The bare bus-bars gave a total of
52 square inches per lug, The finned bus-bars gave total areas of 150 and
400 square inches per lug. The finned-bus-bars are referred to in this report
as the "75" finned bus-bars and the "200" finned bus-bars respectively. The
design of the finned bus-bars is shown in Plates 1 amd 2o The bare bus-bars
were the same as the "7511 finned bus-bars without finse.

34. The cell was Ventilated either naturally (i,e, no forced air flow)
or with a small. air flow (1/2 -I1CFM) through the top of the cell. If a

forced air flow w,,as used the cell top was packed with glass wool so that
• the cooling effect due to evaporation would be very smalls

2. The Procedure.

35. The cell was heated by means of gassing at a rate slightly above
the finishing rate of the cell until it came to constant temperature.,.

-9-'
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This method was used because it gave fairly fast, controllable, and
uniform heating. The. reactions going on in the cell were defInitely-known
and therefore appropriate quantitative calculations of the heating and
cooling effects could be made.

36. The cell was started on charge at 310 amperes at a low temperature
such that it could reach 95% or better of the theoretical gassing before
the cell temperature came up to 1000F. It was continued on charge with
air blowing over the busses until it came to donstant temperature and
remained there for a period of at least four hours. The temperature was
recorded during the run,

37. Forty-eight heating curves of this type were run in developing
this method of cooling. The following variables were changed during
the study: rate of flow of air over the top of the cell-between zero
and 600 F.P.'M., the temperature of the air - between 620 and 950F,,
the electrolyte level - between 3 - 4 inches and I inch below the top
of cell, and the surface area of the bus-bars attached to the lugs -

between 52 and 400 square inches per lAg. No vrriables were changed
during the course of any one run. Cooling TuVes with the cell on stand
were run under some of these conditions*

3. Data and Results.

38. The data on this part of the work is summarized in Tables I, IIand
III and illustrated in Plate 3 through 9. Table I gives the equilibrium
temperatures of the cell with the plain bus-bats attached and shows the
effect of lowering the temperature of the air pascng over the bus-bars.
Table II gives the equilibrium temperatures with the "751" finned bus-barsý

* attached and shows that much more efficient cooling can be obtained by
raising the electrolyte level in the cell, And (by comparison with Table
I) by increasing the surface area of the bus-bars. Table IIl gives the
equilibrium temperat-res with the "120 011 finned bus-bars attached, largely
as a function of th•a velocity of the air over the busses. By comparison

with Table II it shows that no great increase in efficiency has been ob-
tained by the additional increase in area bf the bus-bars, The results
are listed in order of decreasing equilibrium temperature in any one table
to facilitate comparison. Plates 3, 4, 5, And 6 'ilustrate these effectes
Plate 5 also shows that no great increase in cooling efficiency is obtained
by raising the velocity of the air over the busses above 800 - 400 feet
per minute. Plate 7 gives a complete picture of these effecttv. except the
air velocity effect, and pictures the gradual development ofthe method of
cooling until the maximum in efficiency has been approached. Plate 8
contains three cooling curves and showd that cooling on stand tan take
place very rapidly at high temperatures.

39. The data and the curves are largely self-explanatory and show that
the equilibrium temperature is a function of the temperature and velocity
of the air over the, cell, the surfac6 area of the bus-bars, and the
height of the electrolyte leVel within the ce6l1
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40. From a study of the data and the method used in obtaining it
two important results may be derived, First, an experimental value
of the specific heat of the cell can be calculated, and second, from
this value and the heating curves the amount of heat which the cell is
losing under the conditions imposed cpn be calculated. Censider the
method used in heating the cell. A certain amount of electrical energy
is passing into the cell. It is doing work in two ways only; it is
producing gas and it is heating the cell. These can be the only two
results because the cell is gassing the theoretical amount for the
current input. The total amount of electrical energy input can be
calculated from the equation:

W IT

where W is the energy in watts, H the voltage of the cell, and I the
current flowing. At 310 amperes with the Gould 01QTX-49 gassing over 95%
of the theoretical, the voltage of the cell was measured to be 2.5 volts,
consequently the energy input to the cell is calculated by the above
equation and the suitable conversion factor to be 667 kilograms calories
per hour. At 310 amperes, under the theoretical gassing condition, the
cell electrolyzes 5.8 moles of water per hour to hydrogen end oxygen gas.
The energy used in this process is given by the thermochpmical equation
(reference (0) pg. 249):

5, (gas) * 1/2: o2 (gas) H10 (liquid) 68.4 kilogram
c Calories at 68 0 F., which in effect states -hat the electrolysis of one
mole of water to form hydrogen and oxygen gas at 68 0 F. requires 68i4
kilogram calories of energy. Therefore, 68.4 x 5.8 or 397 kilogram
calories of the total input energy are going into the electrolysis of
water. The remainder or 270 kilogram calories per hour must be going
Into heating the cell, and if the temperature rise of the completely
insulated cell were known its specific heat could be calculated.

41. From Plate 3 curve 2 the temperature rise of the cell under almost
adiabatic conditions is 3,170 per hour. When a correction of 0.350 for
the heat loss through the insulation (which can be found from the cooling
curve of the insulated cell-Plate 84 ciýrve 2) is, added the temperature
rise is calculated to be 270 * 3.52 or 76.8 kilogram calories per °F.
From a complete breakdown of the component parts of the cell (Table VI)
the specific heat of this cell can be calculated to be 81.3 kilogram
calories per OF, These values just check within experimental error, and
for purpose of calculation a weighted means of 80.0 kil6gram calories
per OF. will be used.

42. This value then enables the calculation of the amount of heat
which is being lost from the cell by the heating curves, and, to a
much less Yeliable extent at high temperatures but more reliable at
low, from the cooling curves. For example, if the cell is heating at
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the rate of one degree per hour and the total heat input is 270
kilogram calories per hour , then 270 minus 80 or 190 kilogram
calories must be passing out of the cell each hour. At equilibrium
evidently 270 kilogram calories per hour are passing out. Using
this method the curves of Plate 9 were constructed from curve 6 of
Plate 5 and curve S of Plate 8. There are two important differences
in the conditions involved: first, in one case the cell is gassing
and in the other it is not, and second, in the case of the gassing
cell the air temperature is ten degrees higher. However, by plotting
temperature differential between the cell and the air the second
variable is eliminated and the curves shows that gassing greatly
enhances the cooling obtainable, particularly for the smaller temper-
ature differentials. The non-gassing curve (calculated from the
cooling curve, cell standing) maey be subject-to a rather large error
which would tend to make the heat lose higher than it should be for a
given temperature differential, as will be discussod in the next section.
Thus, the difference between the gassing and'the non-gassing condition
may amount to more than the curves indicate.

.4. Discussion of Errors,

43. All measurements of the absolute values of temperature are correct
to within f 0.50F. The recordings could be read to that precision and
the recorded temperatures were frequently checked by means of a thermom,-
eter known to be correct to within i 0.20F. Air temperatures of the
room could be maintained within 10 -of a desired temperature once the
temperature was reached. The recordings show that the maximum variation
of the room temperature 6iring the time the cell was at equilibrium was
t 10. Usualiy the cell would be started heating at the same time the
room would be started cooling, consequently the early part of the heating
curves were sometimes subjected to temperature variation, particularly
when the rune were made at temperatures below 800F.

44. There is some question as to whether the cell temperature measured
at the tops of the plates is truly indicative of the whole temperature
of the cell, It is believed that they are in the case of the gassing
cael, because gassing has been found to equalize temperatures throughout
the cell (references (b) and (i) by stirring up the electrolyte. This
is also 'indicated indirectly in three ways. First, the recorded cell
temperature might go down 10 -'200F during the process of watering the
cell but would be back up to within a degree or two of the o'rfginal
temperature within twenty minutes to an hour after watering, if the cell
was gassing. Second, examination of Plate 10 shows that after the re-

". -... sumption of charge the heating rate is over ten degrees an hour, a much
greater temperature rise than could be accounted for by the heat input
to the cell, which could only be due to gassing equaliting the temperature
throughout the cell. Third, and most" conclusive, the specific heat of
the, cell calculated from the temperature rise of the insulated cell gi*es
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a geod check with that calculated for the component parts of the cell,
This fact is also a good indication of the correctness of the method
of calculation of the heat input to the cell.

45. From many observations the charging rate was 310 4.10 amperes.
Ordinarily the rate would start out at 320 amperes and drop back to 310
in a few hours at which it would hold during the remainder of the run.
Therectifier ammeter was calibrated using a precision shunt and meter
and found to be good to + 5 amperes over the whole range.

46. The gassing rates were measured enough times during the early
runs to determine that the cell would reach 95% or better of the
theoretical gassing, within a few hours after a run was begun. The
gassing measurements were made with a wet-test meter and a stop watch

-and corrected to standard temperature and pressure for purpose of cal-
culation. The fact that the calculated gassing checked the measured
within 5% was a check on the instruments and the precision is considered
to be good enough for the nature of the experiment.

47. Air speeds were measured by placing an anemometer in the air
stream behind the fins in eight locations on the cell top and averag-
ing the result. The air speed behind the row of fins nearest the
fans would run about 30M higher than that behind the far row. The
anemometer was later checked against two new instruments, both report-
edly accurate to within 3%, and was found. to agree with both to within
3%. The wide variation in flow over the cell top makes the instrument
error negligible. The average air speeds quoted are considered to be
precise within no better than + 10%# This precision is as good as is
necessary in view of the fact that a 10% change in air spe'ed at velocities
above 300 F.P4M. or so would have a negligible effect on the equilibrium
temperature as shown by Plate 5.

48. Errors in measurement, of the surface area of the fins and the
height of the electrolyte are negligible.

49. Examination of the data shows that check runs usually gave
equilibrium temperatures within a degree of each other, while the
early parts of the heating curves sometimes show discrepancies in the
heating rates. Enough data has been taken so that the curves taken
for illustration may be considered typical for their conditions.

50,0 The experimental value of the specific heat is subject to error
in the current, the voltage, and the rate of heating. If the specific
heat is calculated assuming maximum possible erior in those measurements
its value lies between 69 and 85 kilogram calories per OF. It is believed
that from calculotions under several conditions of cell heating the value
is much, more precise than that snd it 77 +_3kilogram calories; per OF*

51. -Regarding plate 9, in general the error may be quite' large for the
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calculated value of the heat loss, because small differences in estimating
the rate of heating produce large differences in the value of the heat
loss. For example an error as small as 0.X.per hour in estimating the
heating rate results in 4% error when the heat loss in 180 kilogram
calories per hour. Since the temperature cannot be read to any better
than 0.5°F., then the values plotted for the gassing curve of Plate 9
may be subject to as much as 104 error. The non-gassing (cooling)
curve, in addition to this error, may be subject to considerably
greater error if the measured temperature is not indicative of the
whole cell temperature. This is very likely to be the case, especial-
ly when there is a large temperature .differential ,existing between the
cell and the airo This is illustrated for an extreme condition in Plate
10,, where evidently the recorded temperature is considerably lower than
the average cell temperature, and indicates that cooling on stand
especially during the first few hours may be localized to a large degree
in the top of the cell. Apparently convection currents in the electrolyte
are not strong enough to prevent this condition from arising in this
cell, at least turing the first few hours on stand, At any rate the
qualitative effect would be to bring the non-gassing curve of Plate 9
even further below the gassing curve than the calculations indicate.

C. Comnarison of Cooling through the Lugs with Closed-Cell Ventilation,

"52. This work may be divided into three general parts: (a) comparison
by means of heating curves which were run in the same manner or during the
study of cooling through the lugs, (b) comparison by means of cycling the
cell, (c) .comparison by means of high rate discharges. Under (a) is also
included a comparison of cooling on stand and the effect of humidity on
cooling.

1. The Set-up.

(a) Heating Curves.

53. For this part of the work the Gould OWTX-49 was left in the same
room as was used in the development of cooling through the lugs. It was
stripped of its bus-bars and fans, and cooling was accomplished by blowing
air through the regular ventilation system. The air was furnished by a
high pressure line from which it came out.4 - 8% saturated, This is
referred to as "dry"' air in the Tables and Plates. Taps were placed in
the ingoing and outgoing air .tubes so that the water content and temper-
atute of the air could be measured. The incoming air line was equipped
with an instrument for measuring the volume of air flow-,

54. The effect of humidity was later studied on an.Exide VLA-47.. The,
cell was set up outside the building with the same electrical connections
as previously described, and the ,same air connections with these varia-
tions. Two saturating columns vere added to the incoming air line. These
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contained water, crushed tile, heating units and thermostats, so that
85 - 950 saturated air could be delivered'to the cell at any temperature
from 68 to 950F. The cell case itself and the wooden box in which it
was enclosed served to insulate the cell. During the course of the work
it was foiund that this incomplete insulation might be affecting the
results and the cell was insulated with glass wool as previously des-
cribed. The temperature of the input dry air was regulated by passing
it through a copper coil immersed in a water bath of controlled temper-
ature.

(b) Cycling the Cell and High-Rate Discharges.

55. The Gould OWTX-49 was moved into a room where air temperature weras
controlled at 78 t 2 0 F., and where connections could be made for cycling
the cell under controlled current rates and cell voltages. The two cool-
tng systems were employed just as described previously, except that air
was sucked through the closed-cell ventilation system instead of blowing
it through and no attempt was made to control or measure humidity.

2, The Procedure.

(a) Heating Curves.

56. The cell was operated under the same general procedure as described
for cooling through the lugs* The air flow as adjusted to the desired
flow rate a"d the cell allowed to charge on 310 amperes until the equili-
brium temperature was reached, Ten heating curves of this type were run
at flow rates of from 2 to 6 C,FM. and between air temperatures of 750
and 950F, This enabled a comparison with the previously obtained data
under several conditions. Cooling curves were run under some of these
conditions with the cell on stand.

57. Water-loss measurements were made by drawing a measured volume ot!
air from both the incoming and outgoing ducts thrrugh glass sampling tubes
by means of the taps provided. The sampling tubes contained anhydrous

-calcium chloride to collect the water vapor. The gain in weight of the
calcium chloride tubes was determined on a chemical balance, and the
weight of the water from the incoming tube subtracted from the weight
of water from the outgoing tube to obtain the water-loss# The results
were calculated in terms of water-loss in grams per minute and plotted
against the electrolyte temperature. During the course of'this work
the top of the cell was filled' with glass wool to a density of approx-
imately two pounds per cubic foot and the vapor in the outgoing air
stream tested ,for acid mist by holding a piece of wet blue litmus paper
in the air stream.

58. The rise in temperature of the air passing through the cell was
found by obtaining, the differenae between the temperature of the inplt
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and outgoing air by means of thermometers in the air streams, The
temperature rise was plotted against the electrolyte temperature.

59. In order to obtain the effect of humidity on cooling, heating
"curves were run on the VLA-47 in the same manner as previously des-
cribed for other heating curves, The cell was ventilated at 6 C.F.M.
using, both dry and 85 - 95B saturated air between 750 and 906 F.
Cooling curves were run under some of these conditions. The temper-
ature end humidity of the input air was controlled$ but the ambient
air temperature varied with the weather. The ambient air temperature
was recorded for all runs, Under the cell-insulated conditions two
heating curves were run, one with dry air and one with-85% saturated
air, both at '900F."

(b) Cycling the Cell.

60. The OWTX-49 was cycled by discharging at 1200 Rmperes for six
hours, followed immediately by a constant potential charge at 2.37
volts. Two cycles were run with closed-cell ventilation at 6 C.F.M.
with'the humidity uncontrolled and unmeasured. Two cycles were run
with cooling through the lugs at an air speed of 470 F.P.M6 over the
top of the cell. The cell temperature was recorded during 'the cycles.

-; (c) High-Rate Discharges.

61, The cell was discharged at 2500 amperes, using several different
starting teriperatures, and at 5000 amperes using' closed-cell ventilation
at 6 C.F.M,, and cooling through the lugs with an air speed of 6'45 FP*M.
over the finned bus-bars. Again for closed-cell ventilation, humidity
was unoontrolled end unmeasured.

3f Data and Results.

(a) Heating Curves.

62. The results of the ten heating curves are recorded in Table IV
which lists the equilibrium temperatures in decreasing order and the
conditions under which they were obtained. There is not enough data
to draw any overall general conclusions about this method except that
the equilibrium temperature is very dependent on the volume of air flow
passing through the cell. Two runs made under maximum flow conditions
(6 C.Fd*.) give slightly higher equilibrium temperature than the best
results obtainable by means of cooling through the lugs. These points
are illustrated in Plates 11 and 12. Plate 13 gives the best cooling
curve, cell on stand, obtained for closed-cell ventilation and compere?
it with three theoretica! curves; Curve 1 was calculated for 1004
efficiency in heat exckange to the air. Curve 2 was calculated for
10045 efficiency in~cooling by evaporation. These were calculated for
the same input air temperature as the experimental curve. Curve 3li

a composite of a an, 2. A compari-son of the experiients furve rt*h
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the theoretical curves brings out -three points of interest, First,
cooling by evaporation could be a much more effective means of cooling
than heat exchange to the air, and actually must account for the
largest part of the cooling effect, since cooling by the exchange to
the air is incapable of producing the experimental result. Second,
the recorded temperature as measured at the tops of the plates shows
the cell cooling at a faster rate over the first three to four hours
than is possible according to the theoretical curve. This can only
mean that at least for the first three hours the cell temperature as
,measured at the tops of the plates is not an exact indication of the
whole cell temperature and that the top of the cell is in fact cooling
faster then the rest of the cell. Third, at the fourth hour the experi-
mental curve crosses the theoretical curve and the cell cools at a rate
much slower than that which is theoretically possible. This indicates
that the air is passing through the cell and coming out less saturated
than possible with respect to the electrolyte temperature. In other
words, the efficiency of the system is far from the maximum possible.
Plate 14 compares the best cooling curves obtained by both methods of
cooling. They are under comparable temperature conditions but the
humidity of the air for closedý-cell ventilation was not recorded; it
"vas probaoly between 40 and 70% relative humidity. This means that if
it were dry the exierimental cooling for closed-cell ventilation might
have been a little faster and might have compared more favorably with
those for cooling through the lugs. However it does represent a con-
dition which would more closely approximate service conditions, than
if dry air had been used. It may be concluded that cooling through
the lugs is a more efficient method of cooling than cooling by means
of closed-cell ventilationi

63. The curves of Plate 15 were constructed from the heating curve
for 6 C.F.M. of Plate 11 and th6 experimental cooling curve of Plate
13. Ag.in there is a difference of about ten degrees.in the air temper-
ature for the gassing and the non-gassing condition. In this case it
is questionable whether or not plotting against the temperature differ-
ential between cell and air entirely overcomes this difficulty because
cooling by this method (closed-cell ventilation) doest not depend to
such a large extent on that toperature differential. For any purpose
except comparison of the methods it is not worth much. However, it
does indicate that gassing enhances cooling to a large degree, and if
Plate 16 is referred to it indicates that gassing enhances cooling by
closed-cell ventilation to a greater degree than it enhances cooling
through the lugs. It is also to be noted that while in both cases
(i.e. both methods of cooling) the air temperatures are not comparable
for the gassing and non-gassing curves of either method, they are for
the gassing curves of each method, Consequently, Plate 16 shows that
while there is not much difference between the two methods for a
gassing cell, there is considerable difference for a non-gassing cell,
and.cooling through the lIug Is a better reethod in either case.

I
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64. Plate 17 shows the plot of water-loss versus electrolyte temper-
ature at 2 and 6 C.F.M; with the cell gassing and on stand. These are
curves l, 2, 3, and 4. They show that the water-loss is not greatly
increased by stepping up the air flow from 2 to 6 C.F.M. for a non-gassing
cell, but is greatly increased for a gassing cell, This would indicate
that not much better cooling could be obtained by increasing the air
flow above 2 C.F.M. except when the cell is gassing. Curve 5 shows
the effect of 501 saturation of the incoming air on the water-loss at
2 C.F.M) for the gassing' cell. Obviously humidity plays an important
part in water-loss and cooling. 'Ourve 6 shows that glass wool in the
cell top decreases the water-loss to a very great extent. During this
part of the work the effectiveness of glass wool as a trap for acid mist
was tested by placing a strip of wet litmus paper perpendicular to the
outgoing air stream from the gassing cell in which the void, space above
the electrolyte was packed with two pounds per cubic foot of glass wool,
For intervals up to one hour no indication of acid in the air stream
could be found. The liquid drops at the top of the glass wool were also
tested with litmus paper and found to contain no acid.

65. Plate 16 gives the gain in temperature of 88 0 F. air passing
through the cell as a function of the electrolyte tempei'ature. There
is not much difference for the cell in any condition, but the faster
it asses through the smaller is the temperat'-re differential. At
"130 F. cell temperature and 6 C.F.M. with the cell gassing, the heat
lost to the air would be 4,5 x 15 x 60 x 6 or 24.2 kilogram calories
per hour, which shows definitely that the amount of heat lost to the
.air even for a hot cell and fast air flows is but a small, quantity..
This amount of heat loss would achieve a cooling effect on the cell of
0.O3F. per hour*

66. The cell heating curves showing the effect of humidity are given
on Plate 19. Curves 3 and 4, which were run without insulation of the
cell and the low input air temperature of 700, show a 50 higher equili"
brium temperature for the 95% saturated air in spite of the fact that
the ambient temperature was 50 higher for the dry air run. In the case
of the insulated cell the equilibrium temperature was also 50 higher
for the saturated air. The curves show that humidity plays an import-
ant part in the amount of heat which ctn be lost from the cell by
evaporation. The point in determining the humidity effect is this:
most of the emphasis in the experimental work has been on the heating
Curveso but the vork on closed-cell ventilation compares more favbrably
with the system of cooling through the lugs on the basis of the experi-
mental work than it would in service. The humidity effect shows that
the comparison is even more favorable to cooling through the lugs than
the experimental work had indicated*,

67. Plate 20 shows two cooling curves obtained on the uninsulated cell,
one for saturated input air, the other f6r dry input air, both ,at very



Sclosely the same ambient temperatures. The effect of humidity on the
* cooling is very marked, even for a comparatively high temperature
differential between the cell and the air.

68. Thus the overall results of this comparison, show that cooling
through the lugs is more efficient than cooling by means of closed-
cell ventilation even irhen dry air is used in the closed-cell system.
The work shows the comparison to be even more favorable when the
effect of humidity is coneidered.

(b) Cycling the Cell.

69. Plate 21 compares the two methods under cycling conditions.
Each curve represents twt cycles under the conditions concerned, It
shows that although the cell starts out at a higher temperature (30)
in the case of cooling through the lugs, it ends up the cycle about
50 lower than in the case of closed-celi ventilation. It mustbe
pointed out ',hat this wor:k was done in a rcom at 78 0 F. which makes the
comparison mor'e favorable to cooling through the lugs than would be
the case at a higher koorn temperature due to the sensitivity of the
Jlug, method to temperature differential between air and cell, However,
the basis of the heating curves run previouely, no worse than 9A even
break would be expected, even at room temperature as high as 900F.

(c) High-,Rate Discharges.

70. Plate 22 shols that for high-rate dischnrges of about 2500 amperes,
cooling through the lugs may be a shade more efficient than closed-.cell
ventilation. but both are definitely better than no ventilation at all.
At 5000 amperes the results are compared in the accompanying Table.'

Table A

• ooling at a Discharge Rate of 5000 Ampereso

# Cooling Condition Initial Temp., Fixial Temp4 Time Temp. Rise0 _, 0F, (min) in 6 min.

-i ~6 MY through cell 1O9 135 35 .80
2 6 CFM through cell 120 148 35 .80
3 645 FPM over i2 OOT fins 118 139 28 .75
4 645 FPM over "200" fins 118 141 31 .74
5 No cooling 102 125 29 .79

71. The table shows that for discharge rates as high as the one-hour
rate (5000 amperes) there is no appreciable difference between the two
systems. However, during high-rate discharges the cell might be expected
to reach rather, high temperatures and as has'been shown previously, cooling
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after such discharges will be accomplished more effectively by cooling
through the lugs, than by closed-cell ventilation.

72. There is evidence to show that at these high discharge rates
heating takes place to a greater extent at the top of the cell than
lower down in the cell. The resistance of the WTX-49 on which these
tests were run has been measured at three different discharge rates
by means of an oscillograph. It was found to be 0.84 x 10-± 1% ohms.
Using this figure and that calculated for the specific heat it can be
calculated from the equation:

if = 12 R,

that discharges at 2500 amperes and 5000 amperes should heat the whole
cell at 6.1 0 F. per hour and 0.4 0 F. per minute respectively, assuming
no other heating effect than that due to the electrical resistance of
the cell. The chemical reaction taking place in the cell on discharge
is an endothermic reaction and thus would contribute some cooling effect,
so the assumption is pretty safe. 4ierimentally, it is found that
even with a cooling effect taking place, the temperature measured at
the top of the cell at the 2500 ampere discharge rate rises 170 the
first hour and 70 the second hour, while at the 5000 ampere rate the
average heating over the whole time of discharge is 0.790 per minute.
This is a clear indication that the cell is heating faster at the top
than at the bottom, and probably arises from unequal cmrrent distri-
bution within the cell. From a cooling standpoint this is probably
more favorable than otherwise for the present cell design, because it

concentrates the heat near the place where the cooling is thking place,
"i.e. at the top of the cell.

4, Discussion of Errors.

(a) Cell Heating Curves.

'73. In general the e.rrors accompanying this part of the York are the
* same as those for cooling through the lugs for comparable measurements.-

Again it is questionable whether or not the cell temperature as measured
at the tops of the plates is indicative of the whole cell, and the spme
discussion given previously for cooling through the lugs applies here,
ercept that in addition it is believed that cooling due to evaporation
keeps the equilibrium temperature at measured at the top of the cell
about 20 to 30 lower than the whole cell, This is indicated by the
fact that if the Cooling air is turned off the temperature quickly
(within ten minutes) jumps up two or three degrees. This would mean
thttt while heating curves are correct as far as rates are concerned,
the equilibrium temperatures might actually be2 - 3 0 F. higher than.
the value ststed. This same effect has been noticed in a previous
work (reference (J)). No such effect was noticeable in the case of
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cooling through the lugs, and this is another point in favor of the
lug method in the comparison of the two.

74. The value of the volume of floý? was measured by means of an
Enco Flow Meter (550 OFH range) which was calibrated against a meter
prover up to 3 C.F.M. The scale was found to be correct to 1. 54.
The calibration check could not be made above 3 C4 F.M.•ut because
of the good check below that value, it was assumed that the error
in the instrument above that value was insignificant compared to
the error introduced by the method. The flow rate fluctuated as
much as"± 1/2 C.F.M. -at 6 C.F.M. due to variation in line pressure,
thus the volume of flow is only accurate to + 10% of the value quoted.

75. It is believed that the measurement of the absolute value of the
water-loss as illustrated in Plate 17 for the gAssing condition is sub-
ject to rather large negative error. These curves are evidently con-
siderably low because the total cooling at equilibrium which can be cal-
culated from them is lower than the specific heat indicates it must be,
and the water-loss as measured by the amount necessary to bringing up the
water level to a reference mark is greater than con be calculated by
means of these curves. This result is probably explainable when the
method of measurement is considered. The tap was inserted in the out-
going air streamm with its open end pointing away from the air stream
and not into it. Thus heavy particles of condensate traveling by the
tap at high velocity would not be able to be sampled, while true water
vapor of course would enter the tap, The sample therefore might take
into account the water passing 6ut as true vapor but not that passing
out as mist or condensate. It is estimated that the maximum error in
the points on the curves for tbenon-gaining condition are correct to
within . 5% of the values given.

76. The error in measurement of the temperature differential be--
tween the incoming and outgoing air is negligible and made more so be-.
cause this is a relatively unimportant cooling effect.

77. The most important source of error in the results of the study
of the humidity effect is the variation of the ambient temperature in
the comparison of curves 3 and 4 of Plate 19, The input air Was con-
trolled to ± 20F# in all cases. The relative humidities given are ± 5%.
These errors are immaterial because the maximum difference in the equili-
brium temperatures for practically complete saturation of theair is
only 5OF# as indicated by curves 1 and 2 of Plate 19. This difference
will very with conditions of cell temperature and input air temperature,
however, only a qualitative effect was desired, particularly at high
input air temperatures (909L,) and it is considered that such has been
obtained* All the data which has been collected for high humidity
indicates that high humidities will reduce the efficiency of cooling
by the cloeed cell system. Humidity has practically no effect on
cooling through the lugs,
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through the lugs.

(b) Cycling the Cell and High Rate Discharges.

78. The absolute errors in the values measured in these studies have
littl significance because a comparison is involved and error in measur-
ing the amperage Mid voltagre should affect either method the same amount
in the spme way. Errors in air velocity and volume flo*, and in temper-
ature measurement are the same as have been quoted previously. The most
significant error was due to the fact that the method of control during
cycling did not allow the current to come down to exactly 310 amperes
at the end of R charge. This would be important because of the quantity
of heat involved during the gassing phase. The error was eliminated by
repeating the cycles until runs were obtained which gave a final amperage
of 300 - 320 at the end of the charge,

D. Coolina Through the Sides.'

79. This method has been considered separately from the others because
it could be used to supplement either one of them.

1. The Set-up and Procedure.

80. The Exide VLA-47 was insulated completely with glass wool and
set up for charging with gassing at 310 amperes, just as was done in
the previbus e.oerimental work. One heating curve wass run on the in-
sulated cell after whfch the insulation was removed and the cell en-
closed in a bo-, so that air at a constant temperature varying between
850 and 900 F. could be blown u, and around the cell at a velocity of
0 F.P.M. One heating curve was run with the cell in this condition,

then the box was removed and another heating curve was run with fans
playing air over the sides at an average velocity of about 200 F.P.M.
and at the ambient air temperature. One cooling curve was run with
the cell in a room at constant temperature amd air passing over the sides
at a velocity of about 10 - 30 F.P.M.

2. The Data and Results.

81. The heating curves are shown in Plate 23 end it can be seen that
the equilibrium temperature of the gassing cell with low velocity air
over the sides is about 30 - 350 higher than the ambient air temperature
(Curve 2). The Curve (1) for the insulated cell is given for comparison.
This temperature differential is a little higher than the temperature
difference existing for the cell and the air in the case of cooling
through the lugs for comparable tempbratures. From Curve (2) of Plate
23 and the cooling curve of Plate 24 the curves of Plate 25 were con-
structed by the same method as was used previously for curves of this
nature. The value of the heat capacity of the Exide VLA-47 cell which
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is necessary for the construction of the curves of Plate 25 was
experimentally obtained in the same way as was done for the Gould
OWTX-49 and was found to be 90 4 3 kilogram calories on the basis
of three determinations. Table VII gives a breakdown of the VLA-47
construction and the value of the heat capacity calculated there-
from. This value, 88 kilogram calories per OF. was used in the
construction of the curves. Again it is evident from Plate 25 that
gassing has a large effect on the ability of the cell to lose heat.
The heat loss through the sides is compared with the heat loss
through the lugs (Plate 9) in Plate 26. It is evident that cooling
through the lugs is more efficient above a temperature differential

of about 26 0 F. Below this the method of cooling though the sides
is more efficient, especially when the cell is not gassing.

3. Discussion of Errors.

82. There are no new measurements in this part of the work except
the rate of-flow ove3 >the side of the cell which.is subject to con-
siderable variation for the high siveed (200 F.P.M.) due to non-uniformity
of flow over the surface. Two fans ,,ere placed at opposite corners
of the cell at the bottom and the flow directed up around the sides.
The ai. speeds were higher near the fans and considerably lower nearer

the top of the cell. No attempt has been made to study cooling versus
the rate of flow over the sides because it was desired only to get some
idea of the comparative cooling which could be obtained by this method.
The data which has been collected for this part of the work is sparse.
but it is good and offers a good comparison of the heat loss which can
be achieved by this method for the Exide VIA-47.

E. Explosion Hazard&

83. The work on this phase of the problem may be divided into the
following section'sl:

(a) the lower limits of combustion of hydrogen in air,
oxygen and air-oxygen mixtures in various densities of glass wool.

(b) explosion pressures of hydrogen in oxygen and in
oxygen with glass wool present, and

(c) explosions in the cell itself with two methods of
ventilatipn - glass wool in the cell,

1l The Set-up.

(a) Lower Limits of Combustion - the Effect of Glass Wool,

84. The limitiof Combustion were run in small cyclindricalisteel bomb
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having a total volume of 580 cc. The bomb was fitted with valves to
allow the gasses to pass in and out, a spark-plug for firing the
gasses, and a valve to which a mercury manometer could be attached.
The outgoing gas line was led through a drying tube, a thermal con-
ductivity cell calibrated to give the percentage of hydrogen in the
air, and finally through a Pauling Oxygen meter. Various oxygen
meters were used, the range depending on the concentration of hydrogen
being studied. All were calibrated before use, The bomb was con-
strncted so that one end could be screwed off for putting in the glass
wool.

(b) Exolosion Pressures - The Effect of Glass Wool.

85. For m6asuring explosion pressures a much larger, long cylindri-
cal steel bomb having a volume of 7.61 liters was used. In addition
to the fittings previously described for the small bomb, this one con-
tained a piezoelectric crystal at one end, lads from which ran to a
cathode ray oscilloscope. Thus a signal to the oscilloscope from the
crystal distorted by an explesion would cause a deflection in the trace
on the screen of the oscilloscopr, the deflection being proportional to
the pressure produced by the explosion. By means of adjustments on the
control ppnel of the oscilloscope maximum height of the deflection could
be made to correspond to any given pressure up to 180 lbs. per sq. in.,

thus giving ranges of various sensitivity for measuring weak and strong
explosions to an accuracy of about I0• in general. In this set-up the

spark-olug was replaced with a hot wi' for igniting the mixtures, be-

cause the radiations from the spark were picked up by the oscillosco!e
and affected the trace produced by the explosion,

(c) Explosions in the Cell.

86. For this work the cell (OWTX-49) was set up for ventilation in
two ways. First the filling vent tube was removed and a 1/4", flat
vinylite plate sealed into the central hole. A spark-plug was screwed
into this plate for sparking off the gas in the cell. Four two inch
circular holes were cut in the ce17. top about five inches -each way
from the sides at the corners. Fans were placed so that air could
be blown over the top of the cell, Funnels of the design shown in
Plate 29 were set over the holes nearest the fans for inducing a flow

down and through the cell. The other two holes on the side away from
the fans were equipped with elbows of 2" pipe with the mouths facing
away from the .direction of air flow. By this means, together with
varying the current passing through the cell, any desired concentration
of hydrogen'could be obtained in the cell. The concentration was de-

termined by the thermal conductivity cell and the Pauling Oxygen meter
from the center of the top of the cell or in one of the outlet elbows.
Th- void space above the plates of the cell (partially filled with
electrolyte) was packed to a density of about 4 lbs. per cu. ft. of
glass wool. The second method of ventilation consisted of completely
sealed cell except for a 1/80 hole to allow the escape of the gasese



8 7 , In connection' with the first ventilation method described,
eýperiments were performed on a simulated cell top in the laboratory
which would show what kind of an induced flows could be expected to
be obtained výsing glass Wool of various pack densities in the cell top.
For this work a box having, the spme gpnpral shape and dimensions as
a cell top above the electrolyte level, but without the shoulders in
it, was constructed and fitted with funnels as described for the actual
cell, vans werp pet up to blow air over the simulated cell top and
instead of using elbows in the outgoing air stream, two holes were
drilled into the side of the box where calibrated flow meters of the
thermal condictiv!ty type used to measure the flow in an individual
submarinp cel wer±l inserted. These enabled the volume flow through
the cell ýop to be measured as a function of the air speed over the
top of. the cell and the pack density of the glass wool placed inside
the box.

2. The Procedure.

(a) Lower Limits of Combustion - The Effect of Glass Wool,

88. The gases were mixed in a tube before entering the bomb and
were passed through the bomb until the measuring instruments indicated
a constant mixture in the bomb. It was then sealed by closing the
valves and the gas mixture sparked off. Combustion was determined by

".,opening the bomb to the manometer and noting the presence or absence
of a vacuuim. This procedure was followed for a series of mixtures of
increasing hydrogen concentration up to and beyond the concentration

%- *at which combustion would take place. The highest concentration which
did not explode was considered to be the lower limit of explosion under
the conditions imposed. Check runs were run by changing the pack of
glass wool.

(b) Explosion Pressures - The Effect of Glass Wool.

89. Explosion pressures were determined by touching off a mixture
of the gas and observing the deflection produced in the oscilloscope
trace. The ranges of pressure used on the oscilloscope were calibrated
by filling the bomb with compressed air or nitrogen to a known pressure.
and suddenly admitting it into .a small chamber containing the piezo-
electric crystal by means of a quick-opening high capacity valve and
observing the resultant deflection of the oscilloscope trace. The gas
mixtures were exploded by a hot wire, the explosion producing a de-
flection in the oscilloscope trace. Thehelght of the deflection was
noted and the pressure found from the calibration curve of the range in
use. In this way the exrplosion pressures developed by mixtures of
hydrogen and oxygen and those mixtures in the bomb with a 4 lbs. per
cu, ft. and 5 lbs per cu. ft. pack density of glass wool were measured.
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(c) Explosions in the Cell.

90. To determine the effect of explosions in a cell ventilated with
air and packed with glass wool, the cell was brought to maximum gassing.
The fans were, turned on and the air speed over the cell top adjusted so
that the lowest concentrption of hydrogen possible was obtained in the
celll The mixture present Was then sparked off ,rith the cell still gas-
sing and being ventilated. The gassing rate was adjusted to correspond
to the amount which would be produced by a cell gassing the theoretical
rate at 300 amperes. This cell (OWTX-49) produced 68% hydrogen end 32e
oxygen. A series of explosions were run on mixtures of incrersing hydro-
gen concentration produced by slowing down the air speed over the cell
top. After the electrolytic mixture was reached using the induced venti-
lation method, without any apparent deleterious effects on the cell, the
cell wps completely sealed ex6ept for a 1/811 hole and further explosions
were run with the cell in this condition with both the high and the nor-
mal level 6lectrolyte.

91. The laboratory work on induced flow in a, simulated cell top ,ras
done in the following way, The fans for blowing air across the top of
the cell were turned on and the air speed over the top measured using
th average of eight readings at various places on the cell top. The
volume of the air passing through the cell was found by adding the
separate .volumes indicated by the two flow meters. This process was
repeated for vnrious air speeds over the top of the cell and with
various pack densities of glass wool inside the box, and with two
designs of funnels.

3. Data and Results.

(a) Lower Limits of Explosion - The Effect of Glass Wool.

92. A summary of the data obtained in this phase of the problem is
presented in Table V and illustrated in Plate 27. In the table, the
limiting concentration of hydrogen in air, oxygen and air-oxygen mixtures
is given. The air-oxygen mixtures were made up to correspond to that
concentration, of hydrogen and oxygen which would be present in gassing
a cell being swept out by various quantities of air, i.e. various rates
of induced flow. The limiting concentrations are presented as a fundtion
of the pack density of glass wool. Any single trial represents a mean
of at least two runs on the same pack, while different trials represent
a repack of the glass wool to the same pack density. This data shows
that the glass wool will prevent the combustion of any concentration
of hydrogen in air for a pack density at some point between 2.5 and 5.0
lbs. per cu. ft. The exact pack density necessary to prevent explosions
of hydrogen-air mixtures has not been determined in this work, Reference
(k) places it between 2 and 3 lbs. per cu. ft. Glass wool raises the
inflmmable limit of hydrogen in oxygen only slightly - to 11% at a pack
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density of about 10 ibs. per cg. ft. The highest pack density raises,
* the limit to A9M hydrogen in the pixture representing a gassing cell

being swept out by air. 499 iydiogen means 24.54.oxygen and 26.5d air.
For a cell gassing the theqretical on 300 amperes (2.09 lieters per
minute of hydrogen) this would represent a Ventilation rate of L.13
liters per minute of air. Thus the data indicates that if a cell packed
with glass wool to a density of 9.9 lbs. per cu. ft. and gassing the
theoretical on 300 amperes, could. be ventilated with 1.13 liters per
minute of air, no explosion could take place. These results are
illustrated by the curves in Plate 27, where any point in the area
under the curves represents a mixture of gasses which will not explode
for the pack density of glass wool present.

971. The upper'inflammable limits were not investigated, however it
was evident that the upper limit is being lowered as well as the lower
limit being raised, because no combustion was obtained at 724 for the
7.4 lbs. per cu. ft. pack and none/at 674 for the 9.9 lbs. per ci. ft.
pack for hydrogen in oxygen.

(b) Explosion Pressure - The Effect of Glass Wool.

94. The results of this work are shown entirely in Plate 28. Curve'
1 represents the pressures generated by explosions of hydrogen in oxygen
in the empty bomb, and shows that they mair reach over 180 lbs. per sq.

"* . in. between about 26 and 81%. Curve 2 shows the pressures obtained from
explosions of hydrogen in oxygen in the bomb packed with glass wool to
a density of 4 lbs. per cu. ft. After about the first six explosions
evidently the glass wool began to be packed into one end of the bomb
because the explosion pressures jumped rather suddenly ffam 20 lbs.
per sq. in. or less to aroutnd 40 lbs. per sq. in. When the head was
removed from the bomb there was a void at the top amounting to about 1/3
the total volume of the bomb. The curve is offered to show that even with
such a large void in the glass wool the pressures are still tremendously
reduced. The cellr was repacked to 5 lbs. per cu. ft. with glass wool
and six more explosions, run at concentrations near the electrolytic
mixture. These showed pressures of from 2 to 8 lbs. per sq. in. 'Thus
the data showv that glass wool in pack densities of 4- 5 lbs, per cu.
ft. can cut' down the explosion pressures of hydrogen 'in 'oxygen to almost
nothing.

(c) Explosions in the Cell'.

95. In the first condition, i.e., the cell packed with 4 lbs. per cU.
ft. of glass wool and with induced ventilation, 25 attempts were made to
explode the gas in the cell, the concentrations of hydrogen ranging be-
tween 10 - 684. Seven of these were successful and the data indicated
that the lower limit of explosion would be about 304. Then twelve
explosions were run on the electrolytic mixture in the cell, all of
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which did explode. Then another series of 22 explosions were run,
eight of these were concentrations from 10 to 201, and fourteen were
the electrolytic mixture. All of these exploded, indicating that
for some reason the limit of explosion had dropped down to about 101.
Many of these explosions were delayed, i.e., after the spark was made
the explosion would take place someti'ies as much as five minutes later,
indicating that the mixture may be slowly burnihg somewhere in the cell
top. In two cases th6 explosions were allowed to continue for an hour
by shutting down the fans and thus preventing ventilation. During this
time a series of .explosions of small but varying intensity took place
every few minutes. The explosions were stopped by turning the fans and
ventilating the cell again. In none of these explosions was any appar-
ent harm done to the cell. However, the cell did become :bout 200 F.
hotter indicating that continued explosions might cause fire. The
electrolyte was raised to one inch below the cell top and a series of
fourteen explosions on electrolytic mixtures were run with the funnels
in place but no ventilation. In this case the explosions would delay
for a few seconds and then take place with a vicious noise, apparently
in the ventilators. Presumably the spark would tire the mixture which
would burn quietly through the Elass wool until it repched the free gas
in the ventilators, then go off with a nasty bang. This was apparently
harmless to the cell but' the sound, if one were taken by surprise, would
be enough to disturb one's composure.

97, These expe.,iments lead to the idea of closing up the cell entirely.
This was done leaving a 1/80 hole for the gases to escape. Another hole
1/2" in diameter was left loosely stoppered to enable some judgement to
be made of the effectiveness of the explosions. -wenty explosions were
run with the cell in this sealed condition employing electrolytic
mixtures, fourteen with the normal level electrolyte end six with the
high level. The explosions were very quiet and showed no tendency Uto
repeat without benefit of the spark. In no case was the stoppet in
the 1/2" hole unseated, indicating that the force of the explosion was
very small. At the end of this time the cell top was taken off and the
glass wool examined. No voids appeared in the glass wool and no signs
of sintering or generhl .deterioration were evident.

.98. In all,, the gases were exploded in the cell seventy-five times
Without any apparent harmful effects to. the cell. The work shows that
the cell can be safely sealed up, except for a small vent hole, if glass
Wool is packed in the void space above the electrolyte to a density of
4 lbs. per cu. ft.

99. Again. during the course of this work an attempt was made to detect
the presence of acid spray at the mouth of the outgoing ventilation elbows.,
It was done in the same, way as Was tried before, i.e,, by placing wet *

blue litmus paper across the outgoing air streasi. No evidence of'.any acid
mist or spra,'-. could detected, showing that the glass wool •s. acting as a
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very efficient spray trap.

100. The results of the work as performed in the laboratory on a
simulated cell top are illustrated in Plate 30, which gives the
induced ventilation through the cell top as a function of the air
velocity over the top of the cell and the pack density of the glass
wool in the cell top. While the work was done with two different funnel
designs,. one the design illustrated in Plate 29 and another smaller
funnel n~ot illustrpted, only one set of data is presented because there
was very little difference in performance between the two. The plate
shows that as the glass wool becomes more densely packed, the flow
which can be induced through the cell top becomes smaller for a con-
stant air speed over the top, as would be expected. This work taken
in conjunction with that illustrated in curve 2 of Plate 27 shows
that open-cell ventilation using an induced flow through the cell top
is feasible, and indicates that ventilation rates could be obtained
which would eliminate the possibility of explosions in the cell. For
example, curve 3 of Plate 30 shows that for a 2 lbs. per cu.' ft. pack
density of glass wool, 28.3 litem per minute (1 O.F.H,) could be in-
duced through the cell top for an air flow of 300 FPM over the top
of the cell. For the cell gassing on 300 amperes (2.1 liters per
minute of hydrogen) this induced flow would be sufficient to keep
the concentration of hydrogen at 7.54, which would be perfectly
safe, as indicated by.curve 2 of Plate 27, However; in view of the
favorable results which have been obtained as a result of the experi-
mental work on explosions pressures in the sealed cell, it is believed
that little consideration duld be given to any method of induced
ventilation, in View of the benefits which can be obtained from a
sealed cell. This data is only presented to show that such a method is
possible, and because it was incidental in the experimental work lead-
ing to the sealed cell method of ventilation.

101. All this work involved the measurement of hydrogen concentration.
The thermal conductivity set-up for measuring thlo concentration was
calibrated by mixing the gases metered through wet test meters and
dried before entering the cell. The wet test meters were checked
against each other beforehand, thus this method of calibration intro-
duces only the error in reading the wet tpst meters. This source of
error is small compared to the reading error'of the instrument for
the ranges involved in these measurements. The estimated accuracy
of the absolute values of hydrogen concentration is 1 I/24 in the
range 0 - 25% and about 4 1 ; in the range of 25 70 %. The hy-
drogen concentration could also be determined by the concentration of

'oxygen as indicated by the Pauling Oxygen meters, which gave results
which were precise to 4 1/2% in the ranges 0 - 25% and 70 - 100., but
much less prectse in the in-between range. Usually the two instruments
would check within a percent but sometimes they woul4 yary by as much
asa 24 The overall accuracy of the quote4 values of hydrogen concen-
tration is regarded as ýeinr no better.than 4 1A aboolUte*
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- 102. The explosion pressures are estimated to be accurate to within
4' 10 lbs. per sq. in, in the range above 50 lbs. per sq. in. Below
this they are good to 1 5 lbs. per sq, in. Thus there may be consider-
able error in the absolute values of explosions resulting in pressures
below 20 lbs. per sq. in., however, the value of the glass wool in
decreasing the explosion pressure to very low values is beyond question;
the pressures of hydrogen-oxygen explosions were reduced to less than 10
lbs. per sq. in.

103, The limits of explosion in the cell itself cannot be quoted with
any degree of reliability. The work shows that with a 4 lbs. per cu. ft.
pack density of glass wool in the cell top, any concentration above 10%
is liable to explode. However, in view of the fact that it has been
shown that these explosions in the cell can be rendered harmless it is
not believed that it is necessary to know these limits. It is improb-
able that an explosion would originate in the cell anyway.

III. DISCUSSION OF DATA AND RESULTS.

A. The Study and Development of Cooling throuah the Lugs.

104, There are two things of primary importance which this work
indicates. First, while the method which was selected to develop
this system enabled a quantitative treatment of some aspects of the
work to be made, care m'ist be exercised in the interpretation of the
results. The work shows that under all cooling conditions much more
heat may be drawn from the gassing cell than the non-gaSsing cell,
which is no doubt due to the stirring action accompanying gassing.
But under ordinary conditions of use a cell will be gassed only a
small fraction of the time it is in use, consequently the amount of
heat which can be drawn from the cell during the gassing phase cannot
be used as ,,.quantitative memsure of the cooling achievable under ser-
vice conditions. Second, if no change in the design of the cell is
assumed, then this part of the work indicates that a close approach to
the maximum possible cooling efficiency by this method has been made.
The electrolyte has been raised just about as far as possible; the
area of the bus-bars has been increased until further increase will
give little additional efficiency and, increasing the air speed over
the cell has been shown to have but a small effect beyond a certain
limit.

105. Other conclusions which follow as a result of this work may be
stated as below;

1. In order to take greatest advantage of cooling by this
method, the air must be cooled as low as -jos-sible before passing over
the battery because the heat loss is dependent to a large degree on
the temperature differential between the cell and the ventilating air.
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It has been estimated (reference (b)) that 25% of the total tonnage of
the air-conditioning system goes into dehumidification of the submarine
atmosphere. Unquestionably much of this water in the air comes from the
batteries, end if it could be eliminated by changing over to another
cooling system such as that which would Omploy air to cool through the
lugs, then this tonnage might be used to precool the air passing over
the cells.

2. Raising the electrolyte level in the cell would be an import-
ant factor in cooling through the lugs. An additional benefit of raising
the, electrolyte level would be the resultant increase in the electrical

,capacity of the cell due to the extra electrolyte*

3n Cooling by this method, except during the gassing phase, does

not cool the cell uniformly, but cools it at the t~p faster than any
place else in the cell, especially during the early hours after a charge.

4. Heat transfer in the'cell is much less efficient for a quiet

cell than a gassing cell,

B. Comaarison of Cooling through the Lugs with Closed-cell Ventilation.

106. The work which has been done in making this comparison shows that
a method of cooling has been developed which compares favorably with the
cnoling which can be achieved by the present system of ventilation. This
is true up to air temperatures of 90 - 95OF., but no higher, because of
the dependence on the lug-bus system on the air temperature, while the
closed-cell ventilation system is relatively independent of the air tem-
perature since it depends for cooling primarily on evaporation of the
electrolyte. The greatest emphasis in the experimental work has been
placed on a phase of the problem, i.e., the gassing phase, which least
deserves it but which enabled a quantitative treatment of the problem.
This allows a determination of the masimum amount of heat which can be
drawn from the cell under service donditions for any of the methods
considered but does not tell us the cooling which will be achieved
under servide conditions, because except for the short gassing phase,
conditions for maximum cooling will never be approached. This report
hat shown only that a system has been developed which should compare
-favorably with the present system of ventilation under service conditions.

107. The method which has been developed is however subject to the
limitations that provision must be made for enough air to carry off the
heat and it must be given a high enough velocity over the cell tops to
do it with good efficiency. All the heat energy which in the present
system goes into the evaporation of water would, in the proposed system,
have to be taken up by the air passing over the cells. But, since air
does not have a very great heat capacity, it might be expected that
considerably more air would have 'to be supplied to the batteries than
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is supplied at present, and the blowers which are installed now might not
be able to handle the volume necessary in case of a change over. An
estimate of the imount of air necessary can be made on the basis of the
heat capacities of the cell and their average temoerature fluctuation.
Supnose during the course of 24 hours the battery temperpture fluctuated
between 1300 ,,nd 1lSOF., up and down once. Then in order to cool the
battery (composed of 126 OV;TX-49 cells) from 1800 to 1150 the total
quamtity of hent lost would have been 15 x 80 x 126 or 151,000 kilogram
calories. If it can rýlasonably be assumed that the cell loses about
the same amount of heat while getting up to maximum temperature ýas it
does in reaching mimimum temperature then the total heat lost over the
24 hour peribd rould be ;02,000 kilogram calories, During this time
(based on 6 CFM.•per cell) the blowers could have supplied 6 x 60 x 24 or
1,090,000 cubic feet of air having a total heat capacity of 4910 kilogram
calories per degree F, Thus the temperature differential between the incoming
and outgoing air would have had to be 62 0F. To fit this picture
into the story it means that at least double the supply of air is neces-
sary than is suppild at present, assuming the maximum capacity of the
blowers can supply 120 calls with 6 CF.*M. nd that the exchange to the
air is 100M efficient. Some of the extra air necessary might be made up.
by the decreased resistance to air flow resulting from the removal of
the duct system,

108. Because the experimental emphasis has been on the gassing phase
of the charge the work tends to show up the cl6sed-cell system better by
comparison because gaso-ing enhances the cooling effect of evaporation
"to aoeater degree than i't does cooling through the lugs. Also, most
of the comparison work was done #ith d Py air for closed-cell ventilation.
in service, the relative humidity of the air will probably run between
40 and 700o or higher., This factor must be considered in making the com-
parison because it has been shown that high humidity definitely decreases
the cooling efficiency in closed-cell ventilation.

109. The work shows that the greatest factor in cooling under the
present system can only be due to the evaporation of water. It shows that
it is possible to achieve the same or better cooling by means which could make
water-loss due to evaporption unnecessary, and thus largely eliminate the
time and labor consuming job of watering the cells. It would help to relieve
the discomfort due to high humidity, but might result in discomfort due-to
higher air temperatures in the ship, although possibly a good deal of this
heat could be transferred through the hull to the sea water. In cold
lclimates it could be used as a 'means of warming the ehiplp air.

C.6 .oolin ,Throueh the Sides.

110. The data which has been presented on this phase of the problem

indicates that even without any changes in design of .he cell, cooling

throlUgh the sides might be used to good advantage to supplement cooling
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through the lugs, at least for the VLA-47 type cell on which this work
was done. As in the other methods of. cooling, gassing facilitates this
method a great deal. For small temperature differentials this method
of cooling, on the basis of the data collected, would be a more efficient
means of cooling than the other two. Presumably this method would also
be accomplished with air, and would present a problem in getting enough
air supplied to the cells, just as in cooling through the lugs.

111. In this connection it is noted that the German submarines (reference
(d)), as well as the French previously referredto in this report apparently
utilize cooling through the sides of the cell to good advantage. In
addition, the German submarines pre-cool the air before it enters the
battery compartment, a factor which, as has been shown, would add measure-
ably to the cooling effect on the cell.

112. There is no good data at hand for the OWTX-49 cooling through the
sides. The data which is at hand indIcEtes that in spite of both cells
having practically the same cell case the 0WTX-49 cools more slowly
through the sides than the VLA-47. If this is true it might be due to
the inhibition of circulation of the electrolyte because of the glass
mat construction around the positive plate, while in the VLA-&7 cir-
culation would be' relatively free because of the "Ironclad" construction

of the positiv6 plate. The new construction of the cell case, with the
- 4 ribs on the insideinstead of the outside, should help to facilitate

circulation of the electrolyte due to the additional free space,.

D. Explosion Hazards.

11$3. If the present system of ventilation were to be changed over to
a system taking advantage of cooling through the lugs, then the following
general methods of ventilation would be possible: (1) some sort of forced
draft system through the cell, with or without glass wool, (2) some method
of inducing the ventilating air which would be flowing over the cell tops
to flow through the cell, and, (3) allowing the cell to ventilate natur-
ally into the air stream above'it. The first of these is what the in-
-vestigation aims at getting awav from because of its many drawbacks. The
second would be possible and safe, but it might make the danger of spill-
'ge greater and would not be as simple As the third. The third method
would be extremely simple and would enable a minimum Water-loss and no
"spillage even with a high level electrolyte. Perhaps a non-spill feature
could be Incorporatied into the cell tops The work of thig report 'Shows

that the-method would be safe; it does not show that explosions in a cell
can be entirely eliminated, but it does show that an explosion in the cell
could be rendered harmless, by packing the air space in the top of the
cell with 4 - 5 lbs, per cu. ft. of glass wool. In addition, the work
indicates that acid mist or spray as a result of gassing could be elimin-.
ated 100 by the use of glass wool in the cell 'top.

Gnr. n Dicpusion.

114. Because the work on explosion hazards resulted so favorably, and
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because cooling which can be achieved by the present closed-cell system
of ventilation, the whole work appears to enable a very simple method of
ventilation; one ,hich should do much to eliminate most of the drawback
connected with the present system. It appears. that the change-over from
the closed-cell system to the proposed method would be easy to effect.
The duct system would be removed from the batteries and the void space
inside the cell top packedwith glass wool; the cell top would then be
completely sealed except for a small hole to allow the cell gases to
escape and take care of breathing. The electrolyte level v•ould be
raised so that the gassing level was about one inch below the top of
the cell. The, lead plating would be removed from the lugs where they

.contact the bus-bars; fins would be soldered to the bus-bars. The
present blower system would have 'to be adapted to the new ventilation
system - which might require hdditional blowers, and the system would
have to be arranged to allow a great enough speed over the tops of the
cells. Any pre-cooling which could be given to the atr would be de-
sireable.

115. It must be remembered that all this wor] has been done on two
experimental cells in the laboratory without benefit of a great deal
of knowledge of actupl conditions existing in service. The steps out-
lined above would be all that would be necessary for a trial insltallati6n
of 'the proposed method., If the trial installation should prove satis-,
factory then additional consideration could be given to the finer points,
and to points which may have fo"iled to receive ,consideration in, this

* ,report.

F. Changes in Design and, Operating Methods.

116. If a tripl installation of the proposed system should prove to be
better by comparison than the closed-cell system, then further experi-
mental work and consideration of changes in design which ýre outside of
the scope of this work should be contemplated. There are some things
which obviously could be done to improve.cooling of the cells; however,
whether or not they would be worth while would require further investi-
gation.

117. Consider the equation for the transmission of 'heat through a uni-
form body:

q=k At,

in connection with cooling through the lugs. k is the heat transfer
coefficient; because of the nature of the lead-4acid cell any great
change in k may not be possible, but it might be effectively improved.
The heat takes tw) paths from the interior of the cell up through the
lugs and out. It can either be conducted up through the electrolyt.e to
the top, where it will be transfetr~ed.hrough the shoulders to the lugs
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"and busses, ir it can travel up the lead grids to the copper shoulder
and out through the lugs. In the first case, fins from the shoulders
could be extended vertically into what is now the void space above the
plates. These could be made of levO-coated copper.. This would increase
the area the electrolyte would come in conta.t with and thus effectively
increaseAt, the temperature differentiAl, by mnking the shoulder hitter.
Such a change in design would probably be of great effect only Ouring the,
gassing phase of the chnrge. The thickness of the lead coat on the
shoulders and fins should be made as small as possible and still be con-
sistent with the degree of protection necessary during the life of the
cell. In the second case, to improve the heat transfer up the grid
structure, the grids could be made of lemd-coated copper. Lead has a
heat conductivity coefficient which is -ne-tenth as great as copper,
which rates as ine of the best metals. This should also increase the
uniform distribution of current and make for better electrical effi-
ciency. it is realized that corrosion of the grids will discourage this
change, but even if it could not be used in the positive grids, it
might successfully be used in the negative grids where corrosion it
comparatively slow. On the face of it this should greatly increase
cooling through the lugs.

118. Since th,• electrolyte level has Plready been raised to a near
maximum, 1, the length of the heat transfer path, cannot be decreased
to any appreciable extent, but A, the area the heat passes through,
could be indreased by making the area of the shoulders greater as they.
come through the cell top. Indications are that at present this change
is n-t necessary because the area in the present design is sufficient
to handle the heat which is being transferred, but if the changes in
design mentioned were experimented with and found successful in enabling
more rapid heat transfer, then perhaps increasing the area of the shoul-
dert coming through the cell top would be benpficial;

119. The equation further suggests that by cooling the air passing
over the finned bus-bars additional cooling could be obtained. This
is borne out by the experimental work and would definitely have a
great effect in keeping the cells cool.

120. By applying the same equation to cooling through the sides it
can be seen that the dell jar could be Iesipned to greatly facilitate
-cooling by this means. For example, k could be increased and 1 effect-
ively decreased by building a thin copper plate into the sides near
the electrolyte side with just enouph rubber between the copper plate
and the electrolyte to protect the plate. Fins, posts or some other
copper arrangement could bring the heat outside.to a copper plate over
which a cooling air st~ream, flowed. Again, 6t could be increased by
cooling the air passing over.
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121. Now all these changes in design might help the cooling to some
e'xtent, but they might and probably would be limited by the poor con-
ductance of the electrolyte and the slowness of natural convection
currents in the cell. If artificial stirring could be secured by some
means it would go a long way toward increasing the cooling efficiancy

by any means, as indicated by the results obtained in thls experimental
work.

122. By a modification of -the charging procedure it might be possible
to take advantage of the natural stirring due to gassing for a much
longer time than an hour for each cycle. If it were possible to charge
the cell at a high enough rate so that the cell would be gassing about
15% of the amoint it does at the regular finishing rate during the
whole time of the charge, then the advantages to cooling as a result
of stirring might be present fpr six. or so hours instead of one or less.
However, since this would shorten the time of charge it might also
result in' iýicreased heating. Howrever,, if the additional cooling
because of stirring would overbalAnce the asdditional heating due to
increased 12R drop over a shorter time period, then from the cooling
standpoint this Tiight make a good method of charge.

123. In connec-ýon with corrosion it should be remembered that if
- more efficient cooling can be secured the rate of corrosion will be

slowed& down, so that the idea of lead-coated copper grids, would be
made more feasible.

124. Thr changes in design which have been discussed so far might
be considered to be minor in scope in as much as they do not involve
any overall change in the cell design. However, if a trial installa-
tion should be successful, then it will have been shown that the cum-
bersome duct system could be removed from the cell tops, and water-
loss would be cut to a very small fraction of the present loss so that

access to the cell tops would not have to be had so often, perhaps not
at all if the watering could be made automatic. The present cell be-
cause of its long shape is inefficient electrically and thermally.
There are indications that a square cell is the most efficient shape.
Reducing the length should make cooling more efficient., 5herefore,
there might be big possibilities in cutting the size of the cells in
half and using twice as many in a battery.

125. The experimental fin-bus-'lu system is also capableof much
improvement. gy making the bus-bars between cells flat, the fins
could be extended vertically into the Air stream facilitating any
necessary increase in area and probably better contact with the
ventilating air. Indeed, by putting a top on the fins anr by ex-
teniding the flat bus-bars across the width of the cell instead of
having several busses between cells, there would be a duct in which
velocity of flow and volume could be nicely regulated. Of course,
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"this would be getting back to ducts again, but under quite different
circumstances with no problem of adjusting individual flows in cells,
no corrosion due to acid mist, and no more danger in the event of h
casualty to the blower system than exists under the.resent system.
Probably the danger would much less because there would be no electro-
lyte film which may be a source of explosions. The increased contact
of air with the fins made possible by ducts would probably make for
small ducts and a smaller volume of air necessary. Thus the proposed
system might work into something fairly complex but with many advantages,
and in any event simpler than the present system.

IV.. CONCLUSIONS

126. In general it may be concluded that a method of ventilation has
been developed which the Pxperimentalwork indicates will compare
favorably under service conditions ,ith the present closed-cell system
of ventilation.

127. The proposed system should be the equal of the present system
in cooling the cell at ambient air temperatures as high as 90 - 950F.
Where air temperatures are below that, the system should be superior
to the present systen, indicating that any pre-cooling of the venti-
lating air which can be obtained will result in a lower average cell
temperature.

128. It is estimated that from two to four times the present maximum
volume of air must be supplied to the batteries and the air must be
given a minimum linear velocity of 300- 400 feet per minute over the
tops of the cells.

129. The experimental work indicates that the proposed ventilation
system has been developed to a close approach to the maximum efficiency,
if no changes in the present cell design may be assumed.

130. If cooling through the sides could be employed it would be an
appreciable aid to either system in cooling the cells, at least for
batteries composed of cells of the Exide VLA-47 type. For that cell,
cooling through the sides is appreciably more efficient for small
temperature differentials than cooling through the lugs.6

131, Under the closed-cell ventilation system the primary factor in
cooling is evaporation of water from the electrolyte. No other means
of cooling is capable of accounting for the effect achieved.

132. High humidities decrease the cooling efficiency of the closed-
cell ventilation system.

1333. Gassing, with consequent stirring of the electftlyte, inoreases
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"the efficiency of any means of cooling to a lUrge extent, but increases

the efficiency of cooling by evaporation more than by cooling through
the lugs.

174. The greater the temperature differential between cell and air, the
more favorable is the proposed system in comparison with the present, be-
cause the proposed system depends to a great degree on the temperature
differential, while the present system is rnlatively-indepmndent of the
temperature differential.

135. Cooling takes place faster at the top of the cell than in other
'portions by either means of cooling, at least during the first few hours
of charge and the first few hours after the gassing phase of the charge.
Temperature is indicated to be uniform during the passing phase of the
charge.

136. A simple, easy method of experimentily determining the heat capacity
of a cell h~s been found. This enables -quantitative calculations of heat
transfer to be made.

137. Raising the electrolyte as high Ps possible in the cell is an
important factor in cell cooling by the proposed method. It should give
-additional electrical capacity to the cell.

138. Water-loss in the 'proposed system can be kept down to almost that
minimui# due to electrolysis -f the. water during th' gassing phase. In
the closed-cell system, water-loss could b, decreased-by various devices,
at the expense, however, of cooling efficiency.

139. No method has been discovered of absolutely preventing explosions
in the individual cells - except of course by Ventilation of the inside
to the extent necessary, but this has been mpde unnecessary by the complete
elimination of harmful effects of these explosions by the use of glass
wool in the cell top,

l1O. Acid spray and electrolyte spillage cpn be reduced 1001 in the
proposed system on the basis of the Pxperimental observations.

141. It is Also concluded that while the m~thod has been developed
intil a close approach to the maximum efficiency of cooling has been

made if no changes in design nre apr"ued, changes in design end battery
operation might do much toward. further increases in battery efficiency.

V. RECOMMENDATIONS.

142. On the basis of the conclusions derived from the experimental
work, it i~s recommended that a trial installation of the proposed system
be made )n a submarineý It shoulf1 be made in such a way that a compari-

:son between the proposed s9,stem nd the present closed-cell eyptem could
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be obta.ined..

143. If such an installation should prove to compare favorqbly with
the present system under service conditions, it is further recommended
that additional experimental work and changes in d.esign be considered
so that the efficiency of coiling in submarine cells could, be developed
to its fullest extent.
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APPENDIX I

Estimated Magnitudes of the Cooling Factors.

1. o4vaporation of Water from the Electrolyte.

Suppose dry air passing into the cell at a rate of 6 cubic feet
per minute (CF11.) and at a temperature of 900F., and coming out 506
saturated at ll0F. The vapor pressure of water is 65.5 millimeters
of mercury at 1100 F., consequently the water-loss under the assumed
conditions will be 304 grams per hour. The heat of evaporation of
water is approximately 577 calories per gram of water evaporated from
electrolyte of' 1250 specific gravity. Therefore, 577 x 304 - 175,000
gram calories, or 175 kilogram calories will be lost per hohir by
evapo ration.

?. By Heat Exchange to the Ventilpting Air.

The heat capacity of air is about 4.5 calories per cubic foot
Sper degree Fahrenheit under the conditions concerned. Therefore, for
6 CFM and a 20 degree temperature rise (900 - 1100) the heat loss is
calculated to be 6 x 60 x 4,5 x 20 = 32,000 gram celories or 32 kilogram
calories per hour.

3. By the Cooling Effect of Air Passing Over the Top. Bottoma nd Sides
- , o.f the Cell.

Assume for purposes of calculation that the air passing over the
cell cese keeps the outside temperature of the case at 90OF. while the
electrolyte keeps the inside at 1250 F. Then ths quantity of heat transmitted
can be calculated from the equation for heat transmission through a uni-
form' body (reference (,j)) page l0;

q =k A~t

where q is the quantity of heat transmitted, k, the heat conductivity
cbefficient, A. the area the heat is conducted through,A t, the temper-
ature difference between the faces, and 1, the langth of the path the •
heat traverses. A hbndbook value for the heat conductivity of hard
rubber is 0.00055 calories, per centimeter per gecond per degree Centi-
grade per centimeter square. The cell case has an area of 20 square
feet and an average thickness of about 1/2 .nchi The quantity of heat
transmitted, calculated from the above equation if 566 kilogram calories
per hour.

4-



4. By the Cooling Effect of Air Passing Over the Busses Connecting the
Cells.

In a Gould OWTX--49 there are eight lugs which can transmit heat
from the plates and the electrolyte to the inter"cell connectors. Assuming
that the top of the lug could be kept at 90 0 F. and that the lug is a bar
of copper of uniform cross section 1 3/4 inches by 5/8 inches extending
3 inches down through the cell top into the electrolyte at which pýint
its temperature is 125 0 F., the heat transferred through the lug can also
be calculated from the above equation. The k value for copper is 0.918.
The value calculated is 478 kilogram calories per hour for eight lugs.

5. By Radiation from All Surfaces.

Assuming that the cell is a perfect radiator the amount of heat
which could be lost by radiation can be calculated by means of the equation
(reference (j)) page 52:

q = 0.73 AB E j 4 T 254,

where q is the quantity of heat radiated in calories per hour per square
foot of surface, A and E are constants which are unity for the perfect
radiator, and T1 and T2 Are the absolute temperatures of the cell and
surroundings. A vpbe of 22 kilogram calories per hour for the cell is
obtained when the cell. is at 1250F. Pnd the surroundings at 900F,. How-
ever, the cell is not a perfect radiator and under service conditions
would be surrounded by other cells which would be at the same temperature
as itself, consequently this value which is already small would become
insignificant.

1i
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TABLE I

"Oooline Through the Lugs°- Plain Bus Bars.

No. Equilibrium.Temp. Air Temp. Electrolyte Level Air Speed Over Busses
Degrees F.' 0 P. " Below Cell ToD Feet.Per Minute (FPM)

1 *125+ 85 3- 4 0

2 123 86 3 -4 500

3 122 85 3 - 4 500

4 122 85 3 - 4 500

5 118 72 3 - 4 500

8 114 62 3 -4 500

9 113 62 3 - 4 500

- Highest temperature recorded - still rising when run was stopped.

•V.
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TABLE II

cooln Trnjog.ln Lues . 1"75" Finn'ed Bus Bars

No. 71quilibrium Temp. Air Temp. Electrolyte Level Air Speed Over Busses
I Deress F, 0 F. "Below Cell Mop Feet Per Miute

I 134 89 3 0

2 127 95 3 400

3 126 95 3 400

'4 124 90 3 300

5 122 88 3 400

6 ill 70 3 500

7 125 95 1 400

8 125 80 1 0

9 122 95 1 400

10 118 89 1 500

11 118 88 1 500

12 118 86 1 400

13 118 85 .1 400

14 118 87 1 00

15 116 89 1 400

16 116 88 1 500

17 115 82 1 400

18 115 84 1 400

19 114 84 1 400

20 112 j78 1 .400

•I ii!60 1 • 400
12111

S22 104 [69 1 500

Highest temperature recorded - still rising when run was c
stopped



TABLE I I I

Coolin. Throuzh the Lugs - 200,1 Finned Bus Bars

No. Equilibrium Temp. Air Temp. Electrolyte Level Air Speed Over Busses
Decrees F. OF. Below Cell Tom. Feet Per Minute

1 135 85 1 0

2 121 88 1 75

3 128 91 210

4 120 88 1 187

5 119 88 1 314.

6 1218 88 1 400

7 118 88 1 500

8 117 84 1 165

A 9 117 87 1 455

10 116 86 1 500

11 116 86 1• 500

12 116 88 1 600

13 115 86 1 495

14 115 87 1 565

15 •115 84 1 500

16 112 80 1 600

17 103 69 1 500

H.. ... ,
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TABLE IV

Closed-Cell Ventilation

No. Equilibrium Temp. Air (Dr) Temp.* Volume of. Ventilating Air
0 P, 0 F. Cubic Feet Per Minute

1 127 88 2

2 125- 84- 2

3 125 86 4

4 124 86 5

5 122 85 4

6 118 75 A

7 118 89 6

8 118 87 6

9 117 76 5

10 116 78 4

[I
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TABLE V

Lower Inflammable Limits of Hydrpgen

No. :aek Density of Glass Wool Trial No. 4Limitina Conen'tration of H2

e. In Air In 02 In AMr-0 2 Mixtures.

0 1 6 --

2 7 5 -
Mean 7 5.5 --

2,48 1 20
2 20 7 6

Mean 20 7.5 6

3 4.92 * 92 • I "19
S * , -18

Mean 9 18".5

4. 6.10 1 9 38

5 7.40 1 9 45
2 9

Mean 9 44,5

6 9.90 1 11 50

N No explosion at any concentration.
• Coiicentration of H2 in Air - 02 Mixtures designed to be that which

-would be-produced by a gassing cell (Electrolyte Mixture) being
swept out by air,.

C
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TABLE VI

Breakdown of Gould OWTX-49 Construction, and Calculation
of Heat Capacity in Charged Condition

Total Weight Filled and Charged 1652#
Electrolyte (1280 Sp. Gravity) 318+
Dry Cell All Formed 1340#
Hard Rubber Jar (Almost Pure Rubber) 1054

Positive Plate Assembly Negative Plate Assemb•y

Total Weight 662# Total Weight 41304
Weight of Grid 3004 Grid 170#
Weight of Bus 26.8# Bus 30. 1#
Saddle 1.7# Saddle 1,.7#
Other Parts 7.2# Copper 101
Copper IVk Separators (Rubber) 35#
Glass Mats 7,44 Support Rods " 24
Rubber Container 11#44 Active Material (Pb) 248.8#
Binding Strips - 6.1i
(Rubber or Polystyrene)
Rubber Gaskets 0.44
Pb02  2904#

HEAT CAPACITY CALCULATION

SMaterial Total Weight (Lbs,) Soed fic Heat (Cals. Lb.1 0 C) Va1 33Ha

Electrolyte 318 317,1 101,000
PbO2  '290 29,0 8,410
Pb 765.7 15.4 11,780
Copper 21 42.1 "885
Rubber 159,9 149,2 23,800
Glass 7.4 72.5 537'

Total Cals. /0C. 146,412
Total Gals. /0F. 81,300

1*



TABLE VII

Breakdown of Exide VWA-A7 Construction and Calculation
Of Heat Capacity in Charged Condition

Total Weight Filled and Charged 1642#
Electrolyte (1250 Specific Gravity) 3440
Hard Rubber Jar (Almost Pure Rubber) 105-4

Positive Plate Assembly Negative Plate Assembly

Total Weight Formed and Total Weight 452;ý
Dried Including Terminals 6984 One Grid 171/4#
Active Material 308# 58% of Grid = Active Material.
Core Rods (120 Pb*-Sb Alloy) 223A Separators (Rubber) 23A#
Total Tubes at
27 Rubber Tubes per Plate 50.?# Copper l0#
Copper 10# Shoulders 3 8O
Shoulders 21# Grids (Pb.Sb Alloy - Pb

Active Material) 414#

The sum of the weights of the parts is 20# short of the total weight.
Therefore, 20 x the specific heat per poumd of the cell is added as a
correction factor, The breakdown is not as,omplete as that for the
Gould Cell in Table VI, so some estimation of the weights of various
parts was necessary, The possible error introduced is less than 50%

Heat Capacity Calculation

Material To0talWeight (Lbs.) Specific Heat (Cals /Lb,.C) Total S-P Heat

Electrolyte 344 317,1 109,000
Rubber 179,2 149,2 26,750
PbO2  308 29 8,940
Grids & Pb(Act. 771,3 15.4 11,880

Matfl)
Correction 20 97.5 1.950

Total Calories /00, 158ý520
Heat Capacity Calories /OF. 88,200

Ag
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